nozzle and a pressure vessel shell. A layer removal method was used to measure the residual stresses. The effects of uncertainties in elastic constants (Young's modulus and Poisson's ratio) as well as experimental error are assessed. All measurements were done at room temperature.
testing, these results suggest that rather high tensile residual stresses can be retained in the cladding material even after some mechanical loading associated with hydrotesting and that higher levels of hydrotest loading would be required to alter the cladding residual stresses. 
NOMENCLATURE

OD Outside diameter
The results of this work indicate that curvature plays a significant role in cladding residual stress and that tensile residual stresses as high as the yield stress can be measured in the cladding material. Since the vessel from which the spherical and nozzle corner samples were taken was hydrotested, and the flat plate specimens were taken from specimens used in mechanical fatigue
INTRODUCTION
Residual stress states have become recognized as one of the key ingredients to understanding fatigue, brittle fracture, and stress corrosion cracking mechanisms. Weld deposited austenitic cladding placed on the inside surface of low-alloy ferritic steel is commonly used in pressure vessel construction as an economical way both to protect the contained fluid from contamination by the carbon steel and to protect the carbon steel from attack by the fluid. Unfortunately, the weld deposit process leaves the cladding material in a state of high tensile residual stress that is not reduced significantly by normal post-weld heat-treating processes.
To better understand the magnitude and distribution of the residual stresses in weld deposited cladding, residual stress measurements have been made on a number of different weld clad configurations. The goal of the work is to quantify the residual stress states in the cladding and to determine if thickness and curvature are sigmfkant factors in those magnitudes and distributions.
Four different weld configurations were selected: flat pieces, sections from a spherical pressure vessel head, ring-sections from the bore of a nozzle, and sections from a nozzle corner region of a vessel. Cladding thicknesses were between 5 and 9 111111. Total specimen thicknesses including the cladding ranged from 45 mm to 200 mm. Curvature effects were examined by comparing results from flat sections to results from the spherical section, the ring section from a nozzle bore, and nozzle corner sections where local curvatures are significant relative to cladding thicknesses. Two different cladding materials were evaluated
Residual stress results are given graphically for each of the specimens. The principal fmding of the study is that 308/309L stainless steel and Alloy 600 weld metal can have similar residual stress states at room temperature and that the thicker the specimen the larger the residual stress. For thick specimens, the residual stress can be near or somewhat larger than the material yield stress while for the thinner sections, the residual stress seems to be at or below the yield stress. Curvature effects were shown to be significant however and,
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Page 2 as a general rule, the smaller the radius of curvature relative to the cladding thickness, the larger the residual stress. Mechanical stress relief due to hydrotesting was shown to have less of an effect than curvature on the magnitude of the residual stress in the cladding.
LITERATURE
There is a large literature base describing residual stress states measured and calculated for a variety of weldment configurations. Fenill, Juhl, and Miller (1966) (1997) residual stresses in Alloy 600 weld buildup in control rod drive mechanism welds were determined by stress corrosion cracking tests, residual stress measurements, and computations.
These papers all seem to conclude that weld residual stresses depend on weldment geometry, welding process, and weld metal yield stress. The measured residual stress in all of these works is tensile in the cladding and, depending on the process and location, can be as high as the yield stress of the cladding material even after stress relief. The work presented in this paper is intended to add to this information by providing specific weld residual stress measurements for austenitic and Alloy 600 multi-pass weld deposited cladding materials used in typical thick walled pressure vessel construction.
TEST PLAN
Four types of samples were used in this study; specimens cut from flat plates or bars, a specimen cut from a spherical portion of a thick pressure vessel, a ring segment of a nozzle bore, and a transition section of a nozzle-to-shell region including the nozzle comer region. All clad surfaces were machined smooth. Residual stress magnitudes and distributions were measured in the specimens using the layer removal method which is explained later. The effect of thickness and curvature were determined by comparing residual stress magnitudes and distributions from the different specimens. Since the flat samples had been used in fatigue tests and the vessels from which the spherical and nozzle comer sections were taken were hydrotested prior to measuring residual stresses, observations are made regarding the possible effects of mechanical stress relief from prior mechanical loading on the residual stress magnitude.
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SPECIMEN DESIGNS
The flat plate specimens were remnants of fatigue crack growth tests. Figures la and lb show the dimensions and orientation of the four flat specimens called Type-1, Type-2, CS-1, and CS-3. The base material of ail specimens was lowalloy ferritic steel. The cladding material was overlaid using a standard submerged arc multilayered process. The specimens were clad and then rough machined to size prior to stress relief at llSO?F for more than two hours per inch of thickness. The specimens were machined to final dimensions and surface conditions after heat treating. The samples were used in fatigue crack growth testing where all applied net stresses were maintained below the yield stress of the base material. 
STRUW KSIX ana
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To study the effects of curvature on cladding residual stress, four additional specimens were cut from a low-alloy steel vessel clad with welddeposited Alloy 600 on the inside surface. The pressure vessel had undergone a stress relief heattreatment of 1 l50V for more than two hours per inch of thickness. 
RESIDUAL STRESS EVALUATION METHOD 83mm I I I
The method used to evaluate residual stresses is a destructive procedure commonly called the layer removal method. This method involves a series of locations on the piece. Changes in strains are recorded following each operation. A backcomputation analysis is done to infer the changes in stress in the remaining piece or pieces as well as in the material removed due to machining. The residual stress at any point in the original piece is evaluated by summing the changes in stress at that point due to each machining or cutting operation. The final result is an evaluation of the original residual stress distribution at points through the thickness of the clad and base material. Residual stress results for as many as 27 points through the thickness are provided for each location. Prior to the layer removal step, two other steps can be used if needed. One step is calledparting-out. The other step is called splitting. The parting-out step is used when the residual stress evaluation piece is part of a very large component, such as a pressure vessel or a large plate. In this case, the residual stress specimen is parted-out of the large component. To evaluate the changes in residual stress due to the parting-out step, strain gauges are placed on the top and bottom surfaces of the piece prior to parting-out as shown in Figure 3 . Changes in strain due to parting-out are recorded and input to a back-computation procedure to evaluate the stress changes in the pieces due to the parting-out step. The back-computation procedure is based on For cases where the parted-out piece is too thick to apply the layer removal method, the splitting step is applied. Figure 4 illustrates the splitting step.
The thick piece is split along a plane parallel to the top and bottom surfaces. Strain gauges on the top and bottom surfaces record the changes in strains due to stress relaxation from the splitting step. The changes in stress are calculated using a backcomputation procedure for the Consistent Splitting Method described by Rybicki, et parting-out and consistent splitting backcomputation procedures were generalized to allow Young's modulus in the clad to be different from Young's modulus of the base metal. The layer removal back-computation method was modified as described by Greving, Rybicki and Shadley (1994) to account for different moduli in the clad and base material.
The original residual stress distribution is the sum of the changes in stresses due to each step of the residual stress evaluation procedure. The method provides a through-thickness evaluation of the residual stresses in the cladding and base material.
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RESULTS: FLAT SPECIMENS
The residual stress evaluation procedure was applied to specimens Type-1, Type-2, CS-1, and CS-3. The parting-out method was needed for specimens Type 2 and CS-3. The splitting step was used on Type 1, Type 2, and CS-1. Layer removal was used on all four specimens.
Young's modulus for the base material that was used was 207 GPa. Young's modulus for the 308/ 309L stainless steel cladding was 195 GPa and for the Alloy 600 cladding, 163 GPa. Poisson's ratio was assumed to be 0.3 for all materials.
Residual stress results for the four specimens are presented in Figures 6,7,8 , and 9. Figure 10 shows the results of all the tests averaged for each cladding material type. These results show that there is a much greater specimen to specimen variation in magnitude and distribution than there is for different materials.
Actual yield stress of the cladding material was measured for the stainless steel cladding. The average yield stress of three tests for the 308/309L stainless steel is 307 MPa. Thus, for these tests, the magnitude of the residual stress is about 50% of the as-deposited weld metal yield stress. The yield stress of the as-deposited Alloy 600 weld metal was not measured, but is expected to be somewhat higher than that of the stainless steel.
The residual stress becomes compressive just below the clad-base metal interface reaching a magnitude of about 20% of the expected base metal yield stress. The residual stress decays to near zero at a depth of several clad thicknesses from the clad-base metal interface.
Residual stresses measured by the layer-removal method depend on Poisson's ratio and Young's modulus for the material. To study the effect on accuracy of a 10% error in Young's modulus, the residual stresses were recalculated using a modulus of 207 GPa for both base and cladding material rather than 163 GPa for Alloy 600 and 195 GPa for stainless steel. It turns out that a 10% change in modulus results in about a 10% change in calculated residual stress. Therefore the uncertainty associated with these results is estimated to be somewhat larger than the +/-5% error associated with typical strain gauge accuracy.
RESULTS: CURVED SPECIMENS
A modulus of 195 GPa and Poisson's ratio of 0.3 was used to obtain all of the results for the vessel specimens. The cladding and base metal were assumed to have the same moduli since the improved technique, previously discussed, had not been incorporated into the test method at the time of this test phase.
The stress distribution obtained for the nozzle BORE specimen is presented in Figure 11 . A maximum tensile hoop stress of 3 15 MPa was obtained in the cladding material. The maximum compressive stresses were between 140 and 180 MPa in magnitude just below the clad-base metal interface. Base metal stresses below a depth of more than about 40 mm are essentially zero. Based on strain gauge information, the stress relieved due to parting-out of the specimen from the nozzle ring was estimated to be about 25 MPa in the axial direction and between 50 to 100 MPa in the hoop direction. Therefore, when added to the sectioning results, an estimate for the peak residual stress in the cladding for the BORE specimen is between 365 and 415 MPa.
Figures 12 and 13 show the residual stress distributions for COR-1 and COR-2. Again the maximum residual stresses for both specimens were in the cladding material. The maximum axial stress in the specimens was approximately 190 MPa while the maximum hoop stress in COR-1 was 170 MPa and 320 MPa in COR-2. Again, the residual stresses changed from tensile in the cladding to compressive in the base metal just under the cladding decaying to near zero several clad thicknesses away from the interface. The residual stresses due to the parting-out step were estimated to be less than 35 MPa.
Residual stress distributions were obtained for two locations on the vessel shell specimen. Figure 14 provides the stress distributions at location #1 and Figure 15 provides the distribution for location #2.
A 
CURVATURE EFFECTS
Maximum residual stresses measured in the cladding of the flat specimens were approximately 262 MPa for the 308/309Lstainless cladding and approximately 207 MPa for the Alloy 600 cladding. This compares to stresses between 365 to 415 MPa for the cladding of the BORE specimen. Although it cannot be concluded that these differences are due solely to curvature effects, it is reasonable to conclude that curvature and increased stiffness associated with the bore geometry are important factors in residual stress magnitudes.
MECHANICAL STRESS RELIEF EFFECTS
The flat plate specimens were all taken from remnants of specimens that were originally used in fatigue crack growth tests. These specimens were all cycled many thousands of times to nominal maximum stress levels in the longitudinal direction of about 150 MPa which is below the yield stress of the cladding material. SPH, COR-1, and COR-2 specimens were taken from a vessel that was hydrotested to membrane stress magnitudes roughly equal to the design yield stress of the base material, which is probably above the actual yield stress of the cladding material.
COR-1 was taken at the 12:OO position and COR-2 at the 3:OO position of the nozzle. If the hydrostatic stresses provided a si@icant stress relief effect, then one would expect the 12:OO position to have lower residual stresses than the 3:OO position and COR-2 since the 12:OO position would have higher tensile hoop stresses than the 3: OO position due to the hydrostatic test. Figure 12 shows that there is little difference in the axial stresses for these two specimens while Figure 13 indicates that COR-1 has a higher value of hoop stress than does COR-2. The residual stress values for the SPH sample shown in Figures 14 and 15 are reasonably similar to those for the flat plate specimens in Figure 8 . If mechanical stress relief is present in these specimens, it would be expected to be more evident in the curved specimens than in the flat plate specimens since the curved specimens were loaded to a higher percentage of the yield stress. In addition, if the residual stresses were significantly affected by cyclic loading, it would be expected that the longitudinal residual stress would be lower than the transverse stress which is not the case in the flat specimens.
Although these tests cannot rule out the possibility that prior mechanical loadings of the levels considered here can affect residual stress distributions, the results do suggest that such effects are small.
CONCLUSIONS
Experimental residual stress evaluations were performed on eight clad specimens to determine the through-thickness distribution of residual stress. Measurements were made on flat specimens, specimens taken from the spherical section of a pressure vessel head, and specimens taken from the nozzle bore and nozzle corner region of a pressure vessel. Residual stress evaluations were made using the layer removal method.
The results of this work indicate that curvature can play a signrficant role in cladding residual stresses and that tensile residual stresses as high as the yield stress can be measured in the cladding material. Since the vessel from which the spherical and nozzle comer samples were taken was hydrotested and the flat plate specimens were taken from specimens used in mechanical fatigue testing, these results suggest that rather high tensile residual stresses can be retained in the cladding material even after some mechanical loading and that these stresses are more affected by local curvature than by local prior mechanical loading history associated with hydrotesting. 
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